Introduction
It is nowadays well admitted that one of the major drawbacks of nonlinear microscopy implementation lies in the complexity of the optical source. This is of particular importance for coherent anti-Stokes Raman spectroscopy (CARS) because this four-wave mixing process requires two independent wavelengths delivered as two temporally synchronized pulse trains. Less than ten years ago, early CARS laser sources were based on two Ti : saphire lasers temporally synchronized thanks to a dedicated electronic. 1 Although still commercially available, such complex systems are expensive and often subjected to a slow temporal drift that requires care to assure temporal overlapping between the two CARS beams, namely, the pump and Stokes beams. Less expensive, more reliable, and intrinsically temporally synchronized are the optical parametric oscillators (OPOs)-based CARS systems that can routinely deliver the desired pump and Stokes beams whose frequency difference can cover the full molecular vibrational spectrum. First introduced in CARS microscopy by Evans et al., 2 the current most used OPO system has not significantly evolved since the seminal work by Ganikhanov et al., 3 which has paved the way to turnkey systems that are now commercially available. The latter are based on a picosecond mode-locked frequencydoubled Nd : YVO-laser (532 nm) 4 that synchronously pumps an OPO cavity. The current systems provide the user with up to three independent wavelengths that can be further recombined for coherent Raman spectroscopy (CRS), including CARS and stimulated Raman spectroscopy (SRS). The OPO itself utilizes a temperature-tuned LBO (LiB 3 O 5 ) crystal to generate two temporally synchronized picosecond pulse trains, namely, the signal and idler beams, tunable within the 690-990 nm and 1150-2450 nm ranges, respectively. 5 The additional fundamental Nd : YVO picosecond pulse train at 1064 nm is also temporally synchronized with the OPO and can advantageously be used as a third IR beam.
OPO systems delivering picosecond pulse trains have been successfully used to perform lipid CARS imaging in skin, 2 brain, 6 C − elegans, 7 and fish gills. 8 OPOs have also been used to image chemical compounds in hair, 9 and myelin, 10 to detect structural features of early stage atherosclerotic plaque, 11 or to monitor dissolution of an oral solid dose. 12 Recently picosecond OPOs have been shown to be the ideal optical source to demonstrate stimulated Raman spectroscopy (SRS). 13 Femtosecond OPO systems have also been implemented in CARS with chirped pulses to improve the spectral resolution 14 and because they nicely combine with Ti:saphire oscillators to perform third harmonic generation (THG) and second harmonic generation (SHG) together with two-photon excited fluorescence (TPEF). 15 Nevertheless, in a simple and direct implementation, such Femtosecond systems sufter from the poor spectral resolution necessary to address sharp vibrational band as found in biological systems and exhibit poor sensitivity as compared to picosecond systems. 16 Because picosecond-based OPO systems are now becoming the more versatile and reliable optical source for CRS, it is important to present to new users the assets and constraints of these systems in a practical overview. In this framework, this paper is organized as follows. After presenting the material and methods used throughout this work, we concentrate on using one OPO to perform nonlinear imaging, including CRS. The difterent possible configurations are described in detail and with comments that are intended to be practically useful for the user. Explicit examples on test samples, such as nonlinear organic crystal, polystyrene beads, and fresh mouse tissues, are given. We then move in a final section to a more exotic configuration using two OPOs that can generate background-free CARS images. Special emphasis is given to CARS hyperspectral imaging in a fully automated mode with commercial OPOs.
Materials and Methods 2.1 Samples

TTB organic crystals
Molecular crystal test samples used for SHG characterization are 1,3,5-tricyano-2,4,6-tris(p-diethylaminostyryl) benzene (TTB). These crystals emit a strong SHG radiation due to their noncentrosymmetric molecular crystalline arrangement. TTB crystals are also emitting a strong TPEF signal for any incoming wavelengths in the near-infrared (NIR). Details of TTB free-cast film synthesis and characterization can be found in Ref. 17.
Polystyrene microspheres
Polystyrene microspheres (refractive index 1.6) of diameter 20 μm were taken as purchased from Sigma-Aldrich (St Louis, Missouri), diluted in pure water and dispersed on a cleaned microscope coverslip (refractive index n = 1.51, thickness 150 μm). Slowly drying the water solvent overnight is a simple and efficient way to ensure electrostatic adhesion between the microsphere and the glass slide. The polystyrene beads are embedded in an aqueous refractive index-matching liquid (Cargille Immersion Liquid Code OHZB, n = 1.556 at 25 • C, Cargille Labs, Cedar Grove, New Jersey) that has also the property to give a low and spectrally flat nonresonant CARS signal. This index matching-liquid has no chemical influence on the polystyrene beads.
Skin mouse slide preparation
Mice were housed under specific pathogen-free conditions. Tissue samples of mouse ear skin were directly observed by CARS microscopy without preparation. Midback mouse skin samples were immediately embedded in optimal cutting temperature medium and frozen. Then, 20-μm-thick transversal cryosections were placed on glass substrate and stored at −20 • C until acquisition. CARS imaging was performed when the samples had thawed at room temperature. All experiment procedures were approved by the Committee on the Ethics for Animal Experimentation, in accordance with French and European directives.
Olive oil
Fresh pressed olive oil was taken as purchased from a farmer producer (Mouries, France).
Optical Parametric Oscillator System
The master oscillator is a picosecond mode-locked frequencydoubled Nd : YVO-laser (HighQ laser 4 ) operating at 532 nm. A second amplification stage enables the laser to deliver 8 W of green output power that is equally divided to pump two OPOs.
Each individual OPO (Emerald, APE, Berlin, Germany 5 ) uses a temperature-tuned, noncritically phase-matched LBO (LiB 3 O 5 ) crystal for parametric downconversion. The temperature of the crystal sets the wavelengths of the two generated NIR signal and idler. Precise wavelength tuning is accomplished through the use of a stacked Lyot filter positioned in the OPO cavity at Brewster's angle. Because the LBO crystal is noncritically phasematched, the signal and idler beams exit the laser cavity in a collinear fashion, with pulse trains that are temporally synchronized. It is nevertheless possible to spatially separate the signal and idler beams with a supplied beam splitter. In this case, the two exits of the OPO cavity are operated. The OPO can be easily and continuously tuned over a wide spectral range from 690 to 990 nm for the signal and between 1150 and 2450 nm for the idler output.
Optical Parametric Oscillator Control Software
The controller of the OPO gives full diagnostics of the system (power, spectrum, etc.). Moreover, a set of commands enables the control of the signal wavelength (and idler) over three parameters. The coarse and fine tunings are gained via the temperature of the crystal and the tilt of the Lyot filter, respectively. The cavity length insures the synchronous pumping of the OPO cavity. The system can be manually set to any desired signal wavelength with a commercial user-friendly interface. Automated wavelength scanning has been performed through a home-built software to facilitate acquisition of broadband CARS spectra. First, a so-called probe program iteratively investigates the working parameters for the OPO on the desired spectral range. Working parameters include the crystal temperature, the Lyot filter tilt, and the cavity length (piezostage position). They are subsequently saved into a file, which constitutes a database of accessible wavelengths and corresponding OPO settings. Then, the main CRS microscope-driving software loads this database and applies the parameters therein into the OPO. The probe program works as follows. Temperature is adjusted to reach a sufficient OPO power, and then both Lyot filter and piezostage are optimized to find the typical parameters for each signal wavelength. The whole database (corresponding to 400-3400 cm −1 ) is created in a few hours. As described in Sec. 5, it takes typically 60 min to obtain a spectrum on the 900-3200 cm −1 range with 10-cm −1 resolution.
Nonlinear Scanning Microscope
Our custom nonlinear microscope is arranged around a commercial microscope stand (Nikon Eclipse Ti-U). The pump and Stokes beams necessary for CRS microscopy are temporally synchronized, recombined, and sent onto a couple of galvanometric scanning mirrors (6200 H, Cambridge Technology). These excitation beams enter the microscope through the backward excitation port and are directed onto the filter cube. A telescope with a magnification of 3 is used to image the scanning mirrors onto the rear aperture of the infinity-corrected focusing
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Forward detection is performed thanks to a dedicated mechanical unit manufactured by Tokyo Instruments (Japan) that directly bounds to the Nikon Eclipse stand. This unit insures a three-axis manual control for the forward collection. The forward emitted light is collected using a long working distance 40× air objective (LUCPLFLN, 40×, 0.6 NA, Olympus) and focused on a channel photomultiplier (CPM) tube (Perkin Elmer Optoelectronics, CPM C972). The backward emitted light (Epi-CARS) is collected by the focusing objective lens and focused on a photomultiplier (Perkin Elmer Optoelectronics, CPM C972) or on a compact spectrometer (Ocean Optics, USB 4000 VIS NIR), both connected on side ports. Note that both forward and backward detection work in the so-called nondescanned geometry and therefore must have large active areas. The magnification of the imaging optics has been carefully chosen to image on the detectors a scanning area as large as 200×200 μm 2 . Forward and backward CPMs work here in the photon-counting regime. This is an advantage when low signals are detected but care must be taken when strong CARS signals are detected as (i) it limits the maximum count rate to the repetition rate of the lasers and (ii) photomultipliers are subjected to nonlinearities at high count rates. In the present case, we always work well below these spurious regimes by reducing the incident laser power. A set of highand low-pass wavelength filters are used that ensure that the detected signal is free of laser background and is solely associated to the desired contrast mechanism (TPEF, SHG, or CARS).
The dual-axis driver (Micromax 67320, Cambridge Technology) of the galvanometric mirrors is controlled by analog voltages generated by a high-speed analog output PCI board (NI 6731, National Instruments). The TTL pulses generated by both forward and backward CPMs are recorded by a PCI counting board (NI 6602, National Instruments). A detailed description of the synchronisation method is given in Ref. 18 . The whole system is connected to a personal computer and controlled by a home-built program (LABVIEW, National Instruments).
CRS with one Optical Parametric Oscillator
Working with a single OPO is the most common and easiest way to implement nonlinear microscopy. In this "one OPO configuration", the OPO itself provides the signal and idler beams, collinear or not, while the master oscillator provides the fundamental beam at 1064 nm (namely "fundamental 1064 nm" in the following paragraphs). There are nevertheless various ways of operating such a system, with respective assets and constraints. We shall review in this section these modes of operation.
Collinear Signal and Idler Optical Parametric Oscillator Output
This is the easiest way to perform CARS with one OPO. The signal and idler pulse trains are collinear, overlapped, in time, and used as the pump and Stokes wavelengths, respectively, for the CARS process. Figure 1(a) gives the schematic of this CARS setup, where the signal and idler beams are directly sent on the galvanometer mirrors. Because these two beams are collinear, power adjustment is performed simustaneously on the two colors, which is far from being optimal. Neutral density filters or a polarizer (if polarization at the focal point is not an issue) can be used. Because of Gaussian beam diffraction, the divergences associated with the two colors at the OPO output are not the same and impossible to tune separately. Figure 1(b) gives the signal and idler wavelength associated to each Raman shift together with the corresponding anti-Stokes CARS wavelength. The CARS wavelength is >850 nm for Raman shifts of <1500 cm −1 , a spectral range where the sensitivity of standard PMT drops. 19 On the opposite, for large Raman shifts, the CARS wavelength is <800 nm and can be thus easily detected. However, the associated idler beam falls in a spectral range (>1100 nm) where a standard microscope objective lens exhibits a poor transmission. Note that for deep-tissue penetration, IR wavelengths are less absorbed and scattered, a situation that is in favor of this collinear signal and idler configuration. As a simple illustration of the problem that one may face using a collinear signal and idler, we focus here on longitudinal chromatic aberrations. Chromatic (and, to a lower extent, geometrical) aberrations are present in any imaging system and are difficult to control over a broad spectral range. This is an issue in CRS because the pump and Stokes beams must overlap in space, ideally for any Raman shift. It is interesting to note that the collinearity is extremely good between the signal and idler beams and, as far as we could notice, the two beams always overlap in the transverse plane (x, y) at the microscope objective focus. On the contrary, this is not always the case along the optical axis (z-axis). To illustrate this point, we have used the TPEF
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February 2011 r Vol. 16 (2) 021106-3 signal generated by TTB crystals (see Sec. 2) to check the signal and idler focal plane along the z-axis (alternatively, one could use fluorescent beads and two-photon absorption). TTB crystals exhibit fine spatial structures above and below the diffraction limit that nicely shows the imaging properties of a specific objective lens. Figure 2(a) shows the result using a 60× waterimmersion Plan Apo (Plan ApoVC, 60×, 1.2 NA, WI, Nikon) objective lens manufactured by Nikon. Sending the collinear idler and signal beams, we find a difference of 11 μm between the focal planes of the two beams. Optimizing the TPEF image obtained with the λ exc = 916 nm signal results in a poor TPEF image obtained with the λ exc = 1270 nm idler (corresponding to a 3045-cm −1 Raman shift). By moving the focal plane 11 μm farther, the idler image can be restored. With such an objective lens, it is clear that no CRS imaging is possible in this collinear configuration. Using the recently released 40× water-immersion CFI Apo (CFI Apo LWD, 40×, 1.15 NA, WI λ S , Nikon) objective lens manufactured by Nikon gives very different results, as can be seen in Fig. 2(b) . With this well-corrected objective lens, the λ exc = 916 nm signal and λ exc = 1270 nm idler focal planes nicely overlap, as can be seen from the TTB crystal fine structure. Therefore, we could directly perform CARS imaging of polystyrene beads on resonance [see bottom right image in Fig. 2(b) ].
When dealing with chromatic aberrations, it is possible to separate the signal and idler beams at the OPO exit to manage their divergence separately via two independent telescopes in order to match their focal planes (see Sec. 3.2). Nevertheless, this scheme can be used only for small focal-plane mismatches and rapidly proves to be very inefficient in terms of image quality. Transverse chromatic aberration may also play a role especially near the edges of the image and consequently produces intensity falloff. In our case and with the objectives used in this work, we have not noted such an effect over the 200×200 μm 2 field of view. Table 1 summarizes the assets and constraints of using an OPO with a collinear signal and idler output.
We shall now move to another well-used mode of operation when only the OPO's signal and the 1064 nm output from the Nd : YVO are used.
Using the Optical Parametric Oscillator Signal and the 1064-nm Beam from the Nd : YVO Oscillator
Another advantageous mode of operation for CRS is to use the OPO signal beam from the OPO and the fundamental 1064nm beam from the Nd : YVO oscillator as the pump and Stokes beams, respectively, for the CARS process. Figure 3(a) shows the schematic of the setup where only the signal from the OPO is used (the idler beam is stopped within the OPO housing with a dedicated filter) and is further recombined with the fundamental 1064-nm beam that does not enter the green module (SHG unit incorporated into the Nd : YVO housing). Because the paths of the two beams are now well separated, power and divergence correction are adjusted independently with "halfwave plate/polarizer" units and telescopes, respectively. Spatial overlap between the two beams is controlled with a gimbal mirror mount while temporal overlap adjustment requires a dedicated delay line (mounted on the fundamental beam in our setup). In this configuration, it is possible to control the polarization state of the two beams independently (note that: if a retroreflector is used in the delay line, the outcome polarization state can be rotated). Figure 3(b) gives the fundamental and signal wavelength associated with the Raman shift together with the corresponding anti-Stokes CARS wavelength. The CARS wavelength falls in a range that can be detected with photomultiplier tubes if the targeted Raman shift is >1000 cm −1 . The fundamental and signal beams are now well transmitted by most of the commercial IR-corrected objective lenses.
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February 2011 r Vol. 16 (2) 021106-4 As an example of the effectiveness of this operation mode, we report fresh mouse ear imaging on the CH 2 symmetric stretching mode (2845 cm −1 ) of lipids with a 40× long working distance standard air objective lens manufactured by Olympus (LUCPL FLN, 40×, 0.6 NA, air, Olympus). Because this lens is not fully corrected in the IR, we had to slightly tune the beam divergence to match the focal planes [see Fig. 4(a) ]. They were distant by 3 μm when injecting parallel incoming beams. Figure 4(b) presents the forward-detected CARS signal for various penetration depths corresponding to the stratum corneum (z = 0 μm), the sebaceous gland (z = 30 μm) and the deep adipocytes of the dermis (z = 55-85 μm).
This "OPO signal and fundamental 1064 nm" configuration is certainly the best trade-off when using a single OPO (see Table 2 ). Such a configuration has proved to be quite versatile to perform CRS imaging in various configurations, including CARS (Ref. 6) and SRS. 13 Note that hyperspectral imaging can also be done in this configuration (see Sec. 5). With the current available detectors, this is the operation mode that we recommend. We shall now move to a more exotic, nevertheless, very powerful operation mode using two OPOs.
CRS with Two Optical Parametric Oscillators
The use of three colours in CARS imaging has already been reported to perform timeresolved CARS (Ref. 20) , to improve the sensitivity 21 or to cover the full vibrational Raman spectrum. 7 A possible setup is presented in Fig. 5 where the frequency doubled Nd : YVO generates 8 W of green light (532 nm) and pumps two OPOs with 4 W each. Although the full system can provide up to five wavelengths simultaneously (signal and idler for each OPO plus the fundamental 1064 nm), we use three colours only in this work. The two signals coming from each OPO are recombined with the fundamental 1064 nm beam from the Nd : YVO oscillator. As previously, the power, polarization state and divergence of each beam are controlled independently with dedicated polarization optics and telescopes. Delay lines on two of the beam paths (signal and 1064 nm) assure temporal overlap between the three beams. The backward detection is achieved (as compared to Figs. 1 and 3) with either two PMTs (that detect SHG and TPEF) or a spectrometer plus one PMT (that detects CARS). A set of dedicated filters are placed before the detectors to select the relevant spectral domains.
Wave Mixing as Multiple Contrast Mechanisms Imaging
When coherent Raman, sum frequency generation (SFG), SHG, and TPEF can be addressed on the same sample with three incoming colors, quite a few wave-mixing lines appear. Figure 6 (a) summarizes the wave-mixing combinations that generate CARS, SFG, SHG, and TPEF. These wave-mixing combinations are readily observed on TTB crystals that provides a test sample for all these contrast mechanisms [ Fig. 6(a) ]. The spectrum depicted in Fig. 6(b) results from nonlinear interactions between the three wavelengths (OPOI: 816.8 nm; OPO2: 888.7 nm, and fundamenta11064 nm) in a TTB sample. Incoming beams (black) interact to generate CARS lines (red), a TPEF broad spectrum (green), and SHG and SFG lines (blue).
Focusing on the CARS contrast mechanism, three different Raman shifts can be advantageously used to image various chemical bonds. We illustrate this ability on Fig. 6(c 
Tissue Imaging with Two Optical Parametric Oscillators
One of the key features of this three-beam configuration is the ability to detect a "background-free" CARS signal as previously demonstrated. 21, 22 This is simply done by subtracting two CARS images that have been separately obtained. It should be noted here that this straightforward background subtraction is not free of artifacts and give satisfactory results only if the peak CARS signal is subtracted with a nonresonant background located far enough from the considered vibrational resonance. Although this is the case here, special care must be taken as reported in Ref. 23 . Figure 7 illustrates such a scheme where the forward CARS anti-Stokes beam at 2845 cm −1 [ Fig. 7(a) , F-CARS R: lipid CH 2 resonance] and 1855 cm −1 [ Fig. 7(b) , F-CARS NR: nonresonant] are acquired and subtracted (F CARS R-NR). In Fig. 7 (e), this resonant CARS image (F-CARS R-NR) has been superimposed with the SHG image [E-SHG on Fig. 7 (c) and associated spectrum Fig. 7(d) ]. We attribute the CARS signal from lipids and the SHG's from collagen. One can clearly distinguish the lipid-rich sebaceous gland (4), one hair hole (2) , and the stratum corneum (1); these lipid features are well separated from the collagen matrix (3). Video 1 shows the resonant CARS and SHG images versus the penetration depths into the ear mouse sample. Quite noticeable is how the collagen matrix delineates the sebaceous gland near z = 30 μm.
Up to now, CARS images have been obtained for at most three wavenumbers (see Fig. 6 ). This might not be informative enough to tackle a specific molecular recognition problem. In Sec. 5, we investigate the possibility of performing hyper-spectral CARS imaging using OPOs.
Hyper-Spectral Coherent Raman Spectroscopy with Two Optical Parametric Oscillators
There has been only a few works on hyperspectral imaging in CRS, although it is well admitted that CRS imaging potentially has this ability. The first approach is known as " multiplex CARS" and uses a broadband Stokes pulse and a narrowband pump pulse. 24, 25 The concept has evolved to more complex schemes involving a single broadband pulse that is temporally shaped. [26] [27] [28] Although the multiplex approach has given impressive results in spectroscopy and microscopy, it ultimately faces the problem of sample photoinduced damage 29 because the broadband spectrum carries rapidly too much power. The second strategy, which is more straightforward, consists of scanning one of the two narrowband beams involved in the CRS process, the main problem being the rapid tunability of the narrowband source over a large spectrum. Although several attempts have been made that use a soliton self-frequency shift in photonic crystal fibers, 30, 31 these experiments remain at the level of a "proof of principle." More recently, a first demonstration of broadband CARS using a custom-made OPO has been reported in Ref. 32 . Along the same line, we shall discuss here the possible use of commercial OPOs that can be fully automated to perform broadband hyperspectral imaging. To achieve such a task, we shall use the two signal beams that are generated within two OPOs. Figure 8 (a) presents the scheme of the experiment that is very similar to Fig. 5, except where the fundamental 1064-nm beam has been blocked. Figure 8(b) gives the pump (OPOI fixed at 735 nm) and Stokes wavelengths (tuneable OPO2) associated with Raman shifts together with the corresponding anti-Stokes CARS wavelength. The present pump and Stokes wavelength configuration is similar to the one that can be found using two synchronized Ti:saphire lasers. 1 It has the advantage of setting the CARS anti-Stokes wavelength at <700 nm, a spectral range wherein conventional photomultiplier tubes are very sensitive. For the detection, we use low-pass filters that enables one to record the anti-Stokes line while scanning the tuneable OPO2 over the 900-3200 cm −1 range.
To perform hyperspectral imaging, we use custom-made software that fully controls the OPO2 wavelength (see Sec. 2). This routine is included in the main nonlinear scanning microscope program to perform hyperspectral imaging. Figure 9 presents the result of a scan (900-3150 cm −1 ) range for a test 20-μm polystyrene bead sample immersed in a nonresonant liquid (see Sec. 2). Figure 9(a) shows the sample imaged at 917 cm −1 , corresponding to a nonresonant excitation. Fig. 9(a) ] as a function of the Raman shift. This image is the ratio of the CARS signal from the bead to the CARS signal from the nonresonant liquid for each Raman shift. This simple operation is necessary because the OPO output power is not constant over the whole scanning range. Figure 9 (c) depicts the raw CARS spectrum recorded on a single bead (upper curve) and the result of its processing with the maximum entropy method 33 known to recover the pure Raman spectrum (lower curve). Most of the polystyrene spectral lines can be recovered from this spectrum, showing the effectiveness of the OPO scan. This scan uses 230 spectral points and was acquired for 60 min (15 s per spectral point). The main limitation comes from the temperature adjustment of the LBO crystal in the OPO that takes ∼10 s. Video 2 shows the hyperspectral image of the bead sample on the 900-3200 cm −1 range (>2400 cm −1 , the contrast variation is due to strong variations in the reflection coefficient of the mirrors).
Hyperspectral imaging is implemented here in a quite sophisticated way using two OPOs but the OPO signal and fundamental 1064 nm configuration described in Sec. 3 nicely do the job. In this case, the main limitation comes from the detection range of the photomultiplier tube that would practically limit the recorded spectra for Raman shifts of >1500 cm −1 .
Conclusion
This paper gives a snapshot of the possibilities offered by optical parametric oscillators to perform nonlinear microscopy with special emphasis on coherent Raman spectroscopy and microscopy. The one-OPO configuration is certainly the most cost-effective and efficient configuration to perform CRS. Together with the up-to-date high-grade microscope objective lens well corrected in the IR, using one OPO in the collinear configuration to perform CARS is just as simple as doing two-photon confocal microscopy. This is in strong contrast to the complicated CARS setup from a few years ago. Note that very recently, a compact system that includes, in the same box, the Nd:YVO pump and the OPO has been made available by APE. 5 The system is taking care of the tuning, spatial, and temporal overlap, the power settings of both, the signal and fundamental 1064 nm. It can also be used with signal and idler.
The two-OPO configuration remains expensive but offers flexibility and opens the route for higher order wave mixing. The current development in OPO is a great prospective for CRS (Refs. 34 and 35) and laser pumping OPO. 36 The expected "shoe-box" CRS laser system will probably be available in the near future. comments on the manuscript. We acknowledge financial support from the French Ministry of Research, the Centre National pour la Recherche Scientifique (CNRS), and the European Union (Grant CARSExplorer FP7 Health).
